Log-linear, exponential and fractional relations for estimating seasonal snowmelt from early-spring snow accumulation in the Indus and Kabul river basins in the western Himalayas are developed with a view to improve the prediction given by bivariate linear regression models earlier developed by the senior author in collaboration with others. This study shows that although the transformed data may improve the above prediction, they fail to satisfy the condition of nonlinearity; a property that must be borne in mind before recommending any nonlinear regression model. Any further improvement in the prediction of seasonal flow volume from basin snow cover area, therefore, has to come from within the domain of linear regression models only or from improvements in the original input data.
Introduction
Previous investigations have suggested a linear correlation between the summer seasonal snowmelt discharge and early-April snow cover in some of the Himalayan watersheds (Rango et al. 1977; Tarar 1982; Dey et al. 1983) . Linear regression models assume that basin discharge, the dependent variable, increases by a constant amount with a unit increase in the value of basin snow cover area, the independent variable. A relationship of this type can be completely specified by mean values, variance and covariance of the two variables only (Rao 1965) . In natural phenomena, however, this assumption of linearity may not always be satisfied either due to the effect of saturation or the inherent nature of the independent variable which eventually imposes limits on the dependent variable. Gupta et al. (1982) , for example, have shown that the relationship between the meltwater yield and snow cover area in the Beas watershed and its subbasins in the western Himalayas is exponential. Suspecting that similar relations may be obtained also for the Indus and Kabul basins ( Fig. I) , three transformed linear regressions based on nonlinear assumptions were developed to describe the covariance from 1969-79 of April through July flow volume and April 1-20 per cent snow cover area for the same period. It was further held that one of these models will improve the prediction of seasonal flow volume when compared to the bivariate regression flow models for the two rivers developed earlier by Dey et al. (1983) .
The Indus River originates at an elevation of 5,182 m on the Tibetan plateau near Mansrover Lake in China. From its source to Besham, the gauging station at 1,200 m in northern Pakistan, the river drains 162,000 km2 area, most of which is situated in India. The major tributaries of the Indus have their catchments in the lofty northwest-southeast trending Karakoram, Ladhak, Zaskar, and Great Himalayan ranges where they are fed by meltwater from snow fields and glaciers of large dimensions. In this region of highly deformed rocks, Mt. Godwin Austin in the Karakoram range forms the highest peak (8,61lm), and it is followed in elevation by the Naga Parbat (8,126m) in the Great Himalayan range. The climate of the catchment in the Tibetan plateau is cold-dry, and elsewhere in the perpetually snow covered peaks and slopes it is alpine in nature. The Indus catchment in India receives an estimated 56 cm of mean annual precipitation. The meltwater yield of the catchment for April through July months of 1969 to 1979 has varied between 20 and 35 cm depth of runoff.
The Kabul River drains 88,600 km2 in Afganistan and Pakistan. The elevation in the basin varies from 7,690 m in the valley of Konar, the principal tributary of Kabul, to 305 m at Nowshera, the gauging station in Pakistan. The summer season flow in the Kabul is determined primarily by snowmelt in a period of high thermal efficiency. The April through July runoff depth varies from 12 to 25 cm in the catchment for the eleven years of streamflow record analyzed in this research.
Methodology
The 1969-79 April 1-20 snow cover area as estimated from NOAAITIROS images, and the April through July observed streamflows for the same years in the Indus above Besham and Kabul near Nowshera were tabulated by Dey et al. (1983) . For these data, three regression models assuming a) log-linear covariance of discharge and snow cover area, b) exponential variation of discharge with snow cover area, and c) bivariate relation of the square-root of discharge and basin snow cover area are developed ( Fig. 2) to provide a rational functional explanation of seasonal snowmelt phenomenon from the basin snow cover area. In the log-linear or power function of the type Y = ax, the covariance of both snow cover area and seasonal snowmelt is in geometric progression and governed by a property known as constant elasticity. The plot of these points on double logarithmic paper tends to be in a linear pattern. The exponential form y = abx represents the logarithm of seasonal runoff as a linear function of snow cover area, the plots of which on semi-logarithmic scale show a constant ratio or proportion of change in amount of change as a straight line. The functional relationship of the type such as, *= a+bx, is based on the assumption that the plot of square-root of meltwater yield as predictor variable and the explanatory snow cover parameter define a linear pattern of distribution. These equations are analyzed for the diagnostic statistics and the tests of significance bearing on the bivariate relationships.
Results and Discussion
The three transformed linear regressions for the Indus and Kabul basins are shown in Fig. 2 . On the bases of coefficient of determination and standard error of estimate computed in Table 1 , an exponential relation for the Indus and log-linear function for the Kabul watershed appear to best describe the covariance of seasonal snowmelt yield with the respective basin's snow cover extent. These relationships show slight improvement in the prediction of seasonal runoff volume from snow cover area given by the linear regression models developed by Dey et al. (1983) for the two watersheds. Acceptance of these two transformed linear regressions would, however, require explanation of the functional relationship between
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Fig. 2. Transformed linear regression on nonlinear assumptions.
snowmelt and snow cover area by two hypotheses. Such a proposition does not appear to be consistent with reality since the Himalayan watersheds reportedly are characteristic of innate concurrent flow conditions during the melt season (Dey and Goswami 1984) .
It was, therefore, decided to examine the significance of transformed sample data to the overall regression. The standard error of regression slope (Sb) is a diagnostic statistical parameter that describes the significance of independent variable to the explanation of dependent variable in a regression model. It may be expressed as where, Sy is the standard error of estimate provided by the given regression model * Source: Dey et al. (1983) and the denominator the summation of squared differences in the snow cover area from its mean of eleven observations. The standard error of regression slope may be interpreted in a manner similar to the standard deviation.
The significance of the relationship between the independent and dependent variable may be tested by setting-up a null hypothesis that the true slope = 0 and an alternate hypothesis that the slope =t= 0. The estimated value of regression slope, b, may be converted to the t-scale by
The null hypothesis, if accepted at 12-2 d.f. at 95 per cent level, leads to the conclusion that the independent variable is not useful in explaining the dependent variable. The t-test for the significance of regression slope given in Table 2 reveals that the data transformed for analysis by linear regressions assume such characteristics that, despite giving a higher coefficient of determination in some models, the extent of basin snow cover area does not explain the flow volume during the snowmelt season. This is the case for the log-linear covariance in both the Indus and Kabul basins. Having concluded that the independent variate in transformed sample data does not significantly explain the dependent variate for the log-linear transformation, it was, for confirmation, decided to analyze whether a straight line is to be preferred over a given nonlinear relation. This metbod is based on the analysis of variance in which the extent to which a given nonlinear relation reduces the residuals about the straight line is compared using the F ratio (see Rosander 1957, Ch. 32) . The analysis for the Indus and Kabul basins summarized in Table 3 suggests that for all the three nonlinear relations, the improvement over linear regression is not significant. Hence, transformed linear regressions on nonlinear relations are ruled out for the two watersheds.
Having established that the three nonlinear regressions developed in this research are not significant improvements over the linear regression for the prediction of seasonal snowmelt yield, it was decided to test whether any other form of curvilinear regression could be suitably considered for application to the data. For this purpose, correlation ratio, q2, is a suitable measure. If q2 is significantly larger than the coefficient of determination, 2 , the regression is given to be curvilinear (see Rosander 1957, Chs . 22 and 32) . The significance of the difference between q2 and 2 is tested by the following expression for the F test in which n is the size of sample and k the number of columns.
* F test is not applicable as the log-linear relation increases the residuals about the linear regression. + Tabulated F1.8 at 5% 1 5.32. The summary statistics of correlation ratio is given in Table 4 . As the computed F is lower than the tabulated F for the given degrees of freedom at 5 per cent, it may be inferred that curvilinear regressions do not add significantly to the linear regression, and that only linear regressions are recommended for both the Indus and Kabul basins.
Despite improving the standard error of estimate and coefficient of determination, the covariance between snowmelt and snow cover area is not explained by any one single nonlinear regression model. Furthermore, the sample data also do not satisfy the statistical conditions of nonlinearity and curvilinear distributions in the Indus and Kabul basins. Therefore, the functional relationship between snowmelt and snow cover area is explained only by the linear rather than nonlinear regression models.
Prediction of seasonal snowmelt by linear regression models may be improved by extending the period of satellite-observed snow cover area and the corresponding streamflow record. Whereas it is further possible to improve the manually-processed satellite snow cover area by using computer-associated digital processing of snow cover area (e.g. Carroll 1990 ), the quality of available streamflow data however will remain suspect.
As more detailed observations of temperature and precipitation become available in these remote regions, the prediction of snowmelt runoff could be improved by using a distributed hydrological model similar to the one developed by Rango and Martinec (1979) . Forecasts using a snowmelt-runoff model require input of estimates of future snow covered area. Such estimate are available by using the socalled modified depletion curves of snow coverage (Martinec and Rango 1987) . Such a deterministic approach would be preferable to the empirical approaches used here.
A major limiting factor in this study and other studies in developing countries is a lack of an adequate data base. Improved and longer periods of hydrological and meteorological data would allow a better understanding of point and areal meteorological conditions during snow accumulation and melt periods, the use of deterministic instead of empirical methods to estimate water yield, improved statistical relationships with confidence in conclusions derived from the statistical analysis, and the possibility of evaluating the accuracy of data used in analysis such as snow cover and runoff. Unfortunately, extension of the data base in terms of spatial and temporal scales is a monumental task. Remote sensing data are improving the situation. However, one will have to wait for some more time before remote sensing information will be available over long time periods. Until such time, conclusions from studies in these important areas of the world will have to be made as best possible using the data currently available. The results from this study were made under the limitations outlined above.
